INTRODUCTION {#s01}
============

In mammals, the aquaporin (AQP) family is comprised of 13 isoforms that can be separated into three groups based on their permeability characteristics. One group includes AQP0, 1, 2, 4, 5, 6, and 8 (the conventional AQPs) that operate mainly as channels for water and accessorily as channels for cations (AQP1), urea (AQP6 and 8), nitrate (AQP6), and Cl (AQP6). Another group includes AQP3, 7, 9, and 10 (the aquaglyceroporins \[AQGPs\]) that also operate as channels for water but that exhibit selectivity for substrates such as polyols, H~2~O~2~, carbamides, monocarboxylates, nitrogenous bases, and metalloids. The last group includes AQP11 and 12 (the super AQPs) for which no defined transport functions have been identified yet ([@bib19]; [@bib13]).

Low silicone rice 1 (lsi1) is a transporter that also belongs to the AQP family and that can act as a permeation pathway for Si in the root's exodermis to allow transfer of this substrate from soil to phloem ([@bib15]). Based on this finding, we recently tested the hypothesis that the human AQPs could also act as Si transporters even though they shared low amino acid identity with the plant protein. Interestingly, three members within the AQGP subgroup were found to play such a role given that their expression in *Xenopus laevis* oocytes induced robust and saturable Si transport activity ([@bib8]). The importance of these studies stemmed from the identification of Si transport systems in animals for the first time, of further evidence that Si is likely to support key biological functions, especially in connective tissues ([@bib14]; [@bib8]), and of new opportunities to decipher the mechanisms of AQP-mediated substrate movement based on structure--function investigations.

AQPs are present in cell membranes as homotetramers. Within this structure, each of the monomers is formed of six transmembrane helices that are flanked by short intracellular termini ([Fig. 1, A and B](#fig1){ref-type="fig"}). High-resolution imaging of AQP1 in erythrocytes and of the AQP-like glycerol facilitator (GlpF) in *Escherichia coli* has revealed two regions of importance in the pore for determining selectivity and preventing water molecules from interacting with each other through hydrogen bonding. One region, the arginine filter (XX/R), is constituted of two noncontiguous residues (F-H in AQP1 and G-G in G1pF) that lies next to a highly conserved arginine residue. In AQP1, it constricts the pore to a minimal diameter of ∼2.8 Å and in G1pF to a minimal diameter of ∼3.4 Å. The other region of importance is very close to the constriction site and is constituted of two NPA motifs that are each provided by a connecting loop and that probably operate as dipoles to reorient water molecules during their passage through the channel ([@bib4]; [@bib16]; [@bib18]; [@bib20]).

![**Hydropathy plot models and transport characteristics of wild-type AQP1 and AQP10.** (A) Model of AQP1. Each symbol corresponds to a single residue within a transmembrane domain (red), a connecting segment (pink), the XX/R filter (yellow), or the NPA motifs (black). Residues above the transmembrane domains face the extracellular side of the membrane. The cartoon was drawn with the program PLOT based on the hydropathy model of [@bib16]. (B) Model of AQP10. Each symbol corresponds to a single residue in a transmembrane domain (blue), a connecting segment (pale blue), the XX/R filter (brown), or the NPA motifs (black). The cartoon was drawn with the program PLOT based on sequence alignments of transmembrane domains with AQP1. (C) Multiple alignment analysis of AQP family members with Clustal Omega. The residue segment used for each of the channels corresponds to the one that is flanked by green lines in A and B; the N and C termini were excluded from the analysis given that they are poorly conserved among the isoforms. AQP11 and AQP12 were also excluded given that they share much lower homologies with the other family members. Gray boxes correspond to transmembrane segments based on alignments with AQP1, and colored residues correspond to those that were interchanged between AQP1 and AQP10 in this study.](JGP_201611598_Fig1){#fig1}

The mechanisms invoked to explain how the pore of AQPs achieves selectivity are not perfectly satisfying. In particular, size constraint imposed by the XX/R filter has been said to play a crucial role ([@bib12]; [@bib11]; [@bib10]; [@bib3]; [@bib9]). Yet, a variety of substrates are able to permeate the conventional AQPs even though their effective, hydrated atomic diameter (\>3.0 Å for Na and Cl) exceeds that predicted for the region of maximal constriction. Likewise, several substrates are virtually unable to permeate the AQGPs even though their atomic diameter (\<3 Å for water and nitrate) should allow them to do so based on size. It has also been suggested that the pair of NPA motifs were key in allowing water movement through the pore. As can be seen in the alignments of [Fig. 1](#fig1){ref-type="fig"}, however, these motifs are present in most of the AQPs, whereas permeability to water varies substantially among the isoforms ([@bib13]).

The identification of novel transport functions for the AQP represents an opportunity to further our understanding of solute permeation through the pore. In particular, several residues localized near or at the region of channel constriction differ between conventional AQPs and AQGPs while being conserved among the AQGPs. The residue stretch flanked by the NPA motifs is also less conserved between the two groups of AQPs than it is among members within each group of water channels (see alignments of [Fig. 1](#fig1){ref-type="fig"} once again).

In this study, selectivity-modifying residues were identified by examining the effect of interchanging nonconserved residues between AQP1 and AQP10, i.e., between channels that exhibit opposite behaviors in regard to both Si and water transport. Two such residues were part of the XX/R filter, one was in the second transmembrane domain before the first NPA motif, five were in the second extracellular loop, and one was in the third extracellular loop before the second NPA motif ([Fig. 1](#fig1){ref-type="fig"}). Our results suggest that a specific combination of residues within the XX/R filter is necessary for the AQPs to play the role of Si channel but not to play that of a water channel. Our results also led to the identification of two selectivity-specifying residues outside of the XX/R filter, one that may be key in facilitating water permeation and another one that may be key in facilitating Si permeation.

MATERIALS AND METHODS {#s02}
=====================

Supplies {#s03}
--------

Reagents or kits included the QuikChange site-directed mutagenesis kit and XL1-blue competent cells (Agilent Technologies); various enzymes and buffers for DNA construction (New England Biolabs, Inc.); a horseradish peroxidase--conjugated sheep anti--mouse anti-IgG, a horseradish peroxidase--conjugated donkey anti--rabbit anti-IgG, and the ECL Western Blotting Detection Reagents kit (GE Healthcare); EZ-link sulfo-NHS-Biotin, various salts, reagents and buffers for media preparation, a rabbit anti-AQP10 antibody (Ab), and oligonucleotides (Sigma-Aldrich); the Rapid DNA ligation kit and protease inhibitors (Roche); the T7 mMESSAGE mMACHINE kit and Dynabeads MyOne Streptavidin T1 (Invitrogen); the anti--rabbit Alexa Fluor 488--conjugated Ab and the anti--mouse Alexa Fluor 594--conjugated Ab (Molecular Probes); and Tissue-Tek O.C.T. compound (VWR) and a mouse anti-AQP1 monoclonal Ab (Abcam).

Point mutations {#s04}
---------------

Point mutations were already available from previous work, AQP1 and AQP10 cloned in an oocyte expression vector (PolI) that contains the following sequences (from 5′ to 3′): the T7 bacterial promoter, the 5′ untranslated region of the *Xenopus* β-globin gene, a multiple cloning site, the 3′ untranslated region of the *Xenopus* β-globin gene, a poly A tract, and a linearizing site ([@bib8]). These constructs were used as template to produce 12 mutants that are listed in [Table 1](#tbl1){ref-type="table"} along with the oligonucleotide primers exploited. The localization of the residues substituted is also shown in [Fig. 2 (C and D)](#fig2){ref-type="fig"}.

###### Mutants generated and oligonucleotides used

  Name                 Mutagenic oligonucleotides
  -------------------- ---------------------------------------------------------------------------------
  AQP1~L84C~                                        5′ `gtcacactggggctgTGCctTagctgccagatcag`
                                                    3′ `ctgatctggcagctAagGCAcagccccagtgtgac`
  AQP1~H180G~                                       5′ `ctctctgtagcccttggaGGCctcctggctattgacAAC`
                                                    3′ `GTTgtcaatagccaggagGCCtccaagggctacagagag`
  AQP1~F56G/H180G~                                  5′ `gaaggtgtcgctggccGGCgggctgagcatcg`
                                                    3′ `cgatgctcagcccGCCggccagcgacaccttc`
  AQP1~Y186N~                                       5′ `ggaggCctcctggcAattgacAACactggctgtggg`
                                                    3′ `cccacagccagtGTTgtcaatTgccaggagGcctcc`
  AQP1~LGRND↔IFATY~                                 5′ `ctgactgggaactcgATTTTTGCCACCTATctggctgatggtgtg`
                                                    3′ `cacaccatcagccagATAGGTGGCAAAAATcgagttcccagtcag`
  AQP10~C90L~                                       5′ `ccttctccctggccatgCTCatcgttggacgcctccc`
                                                    3′ `gggaggcgtccaacgatGAGcatggccagggagaagg`
  AQP10~G202H~                                      5′ `ctgatcctggccctcCACttatcTatgggtgcc`
                                                    3′ `ggcacccatAgataaGTGgagggccaggatcag`
  AQP10~G62F/G202H~                                 5′ `gtttctggctTTctctctggccgttacgatCgccatctacgtg`
                                                    3′ `cacgtagatggcGatcgtaacggccagagagAAagccagaaac`
  AQP10~N208Y~                                      5′ `ggccctcgggttatcTatgggtgccTACtgcgggattccactc`
                                                    3′ `gagtggaatcccgcaGTAggcacccatAgataacccgagggcc`
  AQP10~IFATY↔LGRND~                                5′ `aaggagacagcctccCTTGGCCGCAATGACcctgccccctatctg`
                                                    3′ `cagatagggggcaggGTCATTGCGGCCAAGggaggctgtctcctt`
  +PmlI in AQP1                                     5′ `atcagcggcgcccacgtgAACCCGGCTgtcac`
                                                    3′ `gtgacAGCCGGGTTcacgtgggcgccgctgat`
  +SacII in AQP1                                    5′ `tgtgggattAACCCTCCGcggtcctttggctcc`
                                                    3′ `ggagccaaaggaccgCGGAGGGTTaatcccaca`
  +Pml1 in AQP10                                    5′ `gtctcaggggcccacgtgAATCCAGCCttc`
                                                    3′ `gaaGGCTGGATTcacgtgggcccctgagac`
  +SacII in AQP10                                   5′ `gtctcaggggcccacgtgAATCCAGCCttc`
                                                    3′ `tgggcccaggtcccgCGGAGGGTTgagtggaat`
  5′ AQP~1-10-1~                                    5′ `atcagcggcgcccacctcAATCCAGCCttctcc`
                                                    3′ `ggagaaGGCTGGATTgaggtgggcgccgctgat`
  3′ AQP~1-10-1~                                    5′ `attccactcAACCCTGCCcggtcctttggctcc`
                                                    3′ `ggagccaaaggaccgGGCAGGGTTgagtggaat`
  5′ AQP~10-1-10~                                   5′ `gtctcaggggcccacctgAACCCGGCTgtcac`
                                                    3′ `gtgacAGCCGGGTTcaggtgggcccctgagac`
  3′ AQP~10-1-10~                                   5′ `tgtgggattAACCCTGCTcgggacctgggccca`
                                                    3′ `tgggcccaggtcccgAGCAGGGTTaatcccaca`

Uppercase letters correspond to a base pair that was mutated to generate a residue substitution, to remove a restriction site or to add a restriction site.

![**Location of residues that were substituted in AQP1 and AQP10.** The cartons were drawn as described in [Fig. 1](#fig1){ref-type="fig"} using the same color code. (A and B) Chimeras. (C and D) Point substitutions.](JGP_201611598_Fig2){#fig2}

Chimeras {#s05}
--------

Two different chimeras were generated from AQP1 and AQP10. The first one, AQP~1-10-1~, consisted of AQP1 in which the segment enclosed between the NPA sites (residues 79--191) was substituted by that of AQP10 (residues 85--215), whereas the second one, AQP~10-1-10~, consisted of the reciprocal chimera. These mutants, which are illustrated in [Fig. 2 (A and B)](#fig2){ref-type="fig"}, were created by fragment exchange after introducing a PmlI restriction site before the first NPA motif and a SacII restriction site after the second NPA motif in both AQP1 and AQP10 (oligonucleotides used are listed in [Table 1](#tbl1){ref-type="table"}).

Channel expression {#s06}
------------------

In all experiments, stage-V oocytes were injected with ∼15 ng cRNA in 50 nl water or with 50 nl water alone to obtain background data. After injection, oocytes were maintained at 18°C for 72 h in medium B1 (see media composition in [Table 2](#tbl2){ref-type="table"}) to allow channel synthesis, and after this interval, they were used for different experiments as detailed in the next four sections.

###### Composition of media

  Media   Na^+^   K^+^   Cl^−^   Ca^2+^   Mg^2+^   SO~4~^2−^   NO~3~^−^   HCO~3~^−^   Si    HEP    NMG   GLU   pH    OsM
  ------- ------- ------ ------- -------- -------- ----------- ---------- ----------- ----- ------ ----- ----- ----- -----
  B1      96      1.0    85      0.8      0.8      0.8         0.7        2.5         0.0   10.0   1.0   1.0   7.4   200
  B2      96      1.0    85      0.8      0.8      0.8         0.7        2.5         2.0   10.0   0.0   0.0   7.4   200
  B3      88      7.0    89      2.0      2.0      1.0         0.0        0.0         0.0   10.0   0.0   0.0   7.4   200

Abbreviations are HEP = HEPES, NMG = *N*-methyl-[d]{.smallcaps}-glucamine, GLU = gluconate, OsM = osmolality. Except for pH and OsM, all units are in mM.

Water transport {#s07}
---------------

Water permeability was determined as previously described after incubating oocytes in plain water for 180 s ([@bib1]). During this period of time, cells were photographed every 6 s under brightfield microscopy, and the images acquired were analyzed with the NIS-Elements 3.0 software to measure cross sections (A). From the A values obtained, oocyte volumes (V) were calculated as V = (4/3) × A × (A/π)^1/2^, and from the V values obtained, permeability coefficients (*P*f) were calculated as *P*f = \[*V*~0~ × d(*V*/*V*~0~)/d*t*\]/\[*S* × *V*~w~ × (osm~i~ − osm~o~)\], where *V*~0~ = initial volume (9 × 10^−4^ cm^3^), d(*V*/*V*~0~)/d*t* = oocyte swelling rate, S = initial surface (0.045 cm^2^), *V*~w~ = molar volume of water (18 cm^3^/mol), osm~i~ = intracellular osmolality (200 mOsM), and osm~o~ = extracellular osmolality (0 mOsM).

Si influx {#s08}
---------

Oocytes were placed in medium B2 for 90 min, a time scale during which Si transport by AQP10 is linear as a function of time. After several rinses in 10 mM Na HEPES and 180 mM sucrose, oocytes (10 per assay) were dissolved in 70% nitric acid, the resulting sample was dehydrated on a warming plate, the pellet formed was suspended in 1 ml ultrapure water, and the final mixture was assayed for Si content through atomic absorption spectrophotometry using the AA240Z Zeeman atomic spectrometer with its GTA120 graphite tube.

Expression experiments {#s09}
----------------------

Oocytes (75--80 per assay) were placed in medium B3 (see composition in [Table 2](#tbl2){ref-type="table"}) added with 2 mM sulfo-NHS biotin for 45 min to label cell surface proteins exclusively. After several washes in medium B3 added with 10 mM glycine, oocytes were lysed in 20 mM Tris, pH 8.0, 1 mM EDTA, 4 mM MgCl~2~, 10% glycerin, 1% Triton-X, and a cocktail of protease inhibitors, homogenates obtained were mixed with 50 µl of streptavidin-coupled Dynabeads, bead-bound cell surface proteins were purified through repeated wash cycles, bead-bound cell surface AQPs were detected through chemiluminescence-based Western blot analyses, and CCC-specific signals were quantified by band densitometry.

Immunofluorescence {#s10}
------------------

Experiments were performed as described previously ([@bib6], [@bib7]; [@bib2]). In brief, 10-µm oocyte cryosections were postfixed in 4% paraformaldehyde for 30 min, after which they were incubated sequentially with a primary monoclonal Ab for 16 h at 4°C and with a secondary Ab for 1 h at room temperature. AQP-specific signals were subsequently photographed under confocal microscopy at 60×.

Sequence and statistical analyses {#s11}
---------------------------------

All of the wild-type and mutant cDNAs produced were characterized by restriction analyses and automated sequencing using vector- or insert-specific primers. Protein alignment between AQP1 and AQP10 was generated after pairing each of the transmembrane segments between the isoforms. Data obtained (absolute or normalized) are presented as means of concurrent determinations ± SE. Differences between datasets were analyzed by Welch's *t* tests and considered statistically significant at P \< 0.05.

RESULTS {#s12}
=======

Wild-type AQPs {#s13}
--------------

The transport characteristics of AQP1 and AQP10 are summarized in [Fig. 3](#fig3){ref-type="fig"}. They are from determinations that were obtained for this study specifically. As shown in [Fig. 3 A](#fig3){ref-type="fig"}, Si transport by oocytes expressing AQP1 is very low (1.3-fold above background), whereas Si transport by oocytes expressing AQP10 is much higher (4.7-fold above background). As shown in [Fig. 3 B](#fig3){ref-type="fig"}, in contrast, water transport in oocytes expressing AQP1 is substantial (10.2-fold above background), whereas water transport in oocytes expressing AQP10 is much lower (1.1-fold above background).

![**Si influx in oocytes expressing AQP1, expressing AQP10, or injected with water.** (A) Oocytes incubated in medium B2 for 90 min at room temperature were assayed for Si content. Data are expressed as means ± SE of 10 oocytes among 25--26 experiments, using the asterisk to indicate that they are significantly different statistically (\*, P \< 0.05) compared with oocytes injected with water. (B) Water permeability in oocytes expressing AQP1, expressing AQP10, or injected with water. Oocytes incubated in plain water were assayed for volume measurements as described in Materials and methods. Data are expressed as mean *P*f ± SE of three to five oocytes among five to six experiments, using the asterisk to indicate that they are significantly different statistically (\*, P \< 0.05) compared with oocytes injected with water.](JGP_201611598_Fig3){#fig3}

These results are consistent with those reported by our group ([@bib8]) in a recent publication on the identification of novel Si transporters in humans. Additionally, they confirm that the AQPs chosen for the current analysis can serve as relevant models to identify selectivity-modifying residues. Indeed, one acts as a robust water channel but inefficient Si transporter, whereas the other exhibits mirror-image characteristics in this regard.

Data presentation for the mutants {#s14}
---------------------------------

In [Figs. 4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, [7](#fig7){ref-type="fig"}, and [8](#fig8){ref-type="fig"}, Si and water transport data are expressed as *n*-fold differences between a specific mutant and its wild-type counterpart after background subtraction and normalization to the amount of channels expressed at the cell surface. By way of illustration, this difference (F) for an AQP mutant was calculated as follows: F = \[(*I*~Si~ mutant − *I*~Si~ ctl)/(*I*~Si~ wt − *I*~Si~ ctl)/(*EXP* mutant − *EXP* wt)\], where *I*~Si~ = Si transport rate, mutant = oocytes expressing the mutant AQP, ctl = oocytes injected with water, wt = oocytes expressing the wild-type AQP, and *EXP* = expression level at the cell surface. Based on this approach, it is expected that if an AQP1 mutant induces no gain of function in Si influx, the *n*-fold difference between this mutant and wild-type AQP1 will be equal to 1 given that oocytes expressing AQP1 do not exhibit above-background Si transport. Likewise, it is expected that if an AQP10 mutant induces no gain of function in water transport, the *n*-fold difference between this mutant and wild-type AQP10 will also be equal to 1 given that oocytes expressing AQP10 do not exhibit above-background water transport. Note that the primary data used for the calculations are also listed in [Table 3](#tbl3){ref-type="table"} and that channel expression was not used to normalize the transport data of either chimera given that it was greatly reduced.

###### Absolute Si influx and *P*f values for wild-type and mutant channels

  Channels             Si influx                                         Water permeability                                  Expression
  -------------------- ------------------------------------------------- --------------------------------------------------- -------------------------------------------------
                       *nmol/oocyte/h*                                   *cm/s × 10^−3^*                                     *relative units*
  AQP1                 0.39 ± 0.08                                       4.027 ± 0.578                                       1.00 ± 0.00
  AQP1~LGNRD↔IFATY~    0.37 ± 0.06                                       0.214 ± 0.148[^a^](#ttbl3n2){ref-type="table-fn"}   0.90 ± 0.27[^a^](#ttbl3n2){ref-type="table-fn"}
  AQP1~L84C~           0.37 ± 0.09                                       0.957 ± 0.333[^a^](#ttbl3n2){ref-type="table-fn"}   0.91 ± 0.20[^a^](#ttbl3n2){ref-type="table-fn"}
  AQP1~Y186N~          2.60 ± 0.59[^a^](#ttbl3n2){ref-type="table-fn"}   3.624 ± 0.149                                       0.92 ± 0.04[^a^](#ttbl3n2){ref-type="table-fn"}
  AQP1~F56G/H180G~     2.17 ± 0.36[^a^](#ttbl3n2){ref-type="table-fn"}   3.844 ± 0.800                                       0.94 ± 0.03
  AQP10                5.53 ± 0.79                                       0.060 ± 0.012                                       1.00 ± 0.00
  AQP10~IFATY↔LGNRD~   0.63 ± 0.28[^b^](#ttbl3n3){ref-type="table-fn"}   0.071 ± 0.001                                       0.99 ± 0.07
  AQP10~C90L~          5.43 ± 1.79                                       0.254 ± 0.028[^b^](#ttbl3n3){ref-type="table-fn"}   0.93 ± 0.06[^b^](#ttbl3n3){ref-type="table-fn"}
  AQP10~N208Y~         2.13 ± 0.71[^b^](#ttbl3n3){ref-type="table-fn"}   0.076 ± 0.003                                       1.10 ± 0.26
  AQP10~G62F/G202H~    2.27 ± 0.43[^b^](#ttbl3n3){ref-type="table-fn"}   0.090 ± 0.021                                       1.39 ± 0.21[^b^](#ttbl3n3){ref-type="table-fn"}

Values shown correspond to background-subtracted data, that is, data obtained in AQP-expressing oocytes − data obtained in water-injected oocytes. In the expression experiments, background-subtracted data were divided further by the quantity of channels present at the surface of AQP1- or AQP10-expressing oocytes. For all of the mutants, data are expressed as means ± SE of 3--10 oocytes among three to six experiments.

Data are significantly different statistically (P \< 0.05) compared with AQP1-expressing oocytes.

Data are significantly different statistically (P \< 0.05) compared with AQP10-expressing oocytes.

Chimeras {#s15}
--------

The entire residue stretch that begins with the first NPA motif and ends with the second one was interchanged between the two isoforms to generate the chimeras AQP~1-10-1~ and AQP~10-1-10~ (illustrated in [Fig. 2 \[A and B\]](#fig2){ref-type="fig"}). The transport characteristics and cell surface expression levels of both these mutants are shown in [Fig. 4](#fig4){ref-type="fig"}.

![**Transport characteristics and membrane expression of AQP1~1-10-1~ and AQP10~10-1-10~.** (A) Si influx. Oocytes incubated in medium B2 for 90 min at room temperature were assayed for Si content. They were from 10 oocytes among three to four experiments. According to this presentation, a mean of 1 indicates no *n*-fold differences (Δ) in Si influx. (B) Water permeability. Oocytes incubated in plain water were assayed for volume measurements as described in Materials and methods. They were from three to five oocytes among three experiments. (A and B) Data are expressed as *n*-fold differences ± SE between AQP1~1-10-1~ and AQP1 (left bar) or between AQP10~10-1-10~ and AQP10 (right bar) after background subtraction and normalization to channel expression levels. (C) AQP expression at the cell surface (*EXPcs*). Oocytes incubated in medium B2 for 90 min were lysed for Western blot analyses using specific anti-AQP Abs, and the signals obtained were quantified through densitometry. Data are expressed as *n*-fold differences ± SE between AQP1~1-10-1~ and AQP1 (left bar) or between AQP10~10-1-10~ and AQP10 (right bar) after background subtraction. They were from three experiments. (A--C) The asterisk is used to indicate that the mean is significantly different statistically (\*, P \< 0.05) compared with the wild-type channel.](JGP_201611598_Fig4){#fig4}

It is seen that Si influx in oocytes expressing AQP~10-1-10~ is considerably lower than in oocytes expressing AQP10 ([Fig. 4 A](#fig4){ref-type="fig"}) and that water transport in oocytes expressing AQP~1-10-1~ is considerably lower than in oocytes expressing AQP1 ([Fig. 4 B](#fig4){ref-type="fig"}). It is also seen that both chimeras are poorly expressed at the cell surface relative to the wild-type channels ([Fig. 4 C](#fig4){ref-type="fig"}). Given that their expression was very low in whole cell lysates as well (not depicted), these results indicate that the mutations prevented the channels from being synthesized normally or led them to be abnormally sensitive to posttranslational degradation.

AQP~LGRND↔IFATY~ {#s16}
----------------

In the middle extracellular loop of conventional AQPs and AQGPs at an equidistant distance between the NPA motifs, a stretch of five contiguous residues (124--128 in AQP1 and 145--149 in AQP10) was found to be highly conserved within each group of channels but poorly conserved between the two groups. It was thus interchanged in each channel with that of the other and the resulting mutants, AQP1~LGRND→IFATY~ and AQP10~IFATY→LGRND~ (illustrated in [Fig. 2 \[C and D\]](#fig2){ref-type="fig"}), were analyzed as described for the chimeras.

Results, which are shown in [Fig. 5](#fig5){ref-type="fig"}, reveal that the transport characteristics of oocytes expressing AQP1~LGRND→IFATY~ are similar to oocytes expressing AQP1~1-10-1~ and those of oocytes expressing AQP10~IFATY→LGRND~ similar to oocytes expressing AQP10~10-1-10~ ([Fig. 5, A and B](#fig5){ref-type="fig"}). However, the LGRND↔IFATY substitutions are not seen to affect cell surface expression substantially compared with the wild-type channels ([Fig. 5 C](#fig5){ref-type="fig"}), indicating that they could have simply resulted in steric occlusion of the pore through conformational changes. It is of notice in this regard that the residue stretch in AQP10 is comprised of four hydrophobic amino acids, whereas that in AQP1 is comprised of only one.

![**Transport characteristics and membrane expression of AQP1~LGRND→IFATY~ and AQP10~IFATY→LGRND~.** Experimental conditions were as described in [Fig. 4](#fig4){ref-type="fig"}. Data expression is also as described in [Fig. 4](#fig4){ref-type="fig"}. (A) Si influx. Data are expressed as means ± SE of 10 oocytes among three experiments. (B) Water permeability. Data are expressed as means ± SE of three to five oocytes among three to four experiments. (A and B) The asterisk is used to indicate that the mean is significantly different statistically (\*, P \< 0.05) compared with the wild-type channel. (C) AQP expression at the cell surface (*EXPcs*). Data are expressed as means ± SE among three to four experiments.](JGP_201611598_Fig5){#fig5}

AQP1~L84C~ and AQP10~C90L~ {#s17}
--------------------------

Residue 84 in AQP1 and 90 in AQP10 are also highly conserved within each group of channels but poorly conserved between the two groups. It is slightly downstream of the proximal NPA motif, but at some distance from the XX/R filter (see Discussion). The effect of interchanging these residues to produce AQP1~L84C~ and AQP10~C90L~ (illustrated in [Fig. 2 \[C and D\]](#fig2){ref-type="fig"}) is presented in [Fig. 6](#fig6){ref-type="fig"}.

![**Transport characteristics and membrane expression of AQP1~L84C~ and AQP10~C90L~.** Experimental conditions were as described in [Fig. 4](#fig4){ref-type="fig"}. Data expression is also as described in [Fig. 4](#fig4){ref-type="fig"}. (A) Si influx. Data are expressed as means ± SE of 10 oocytes among three to six experiments. (B) Water permeability. Data are expressed as means ± SE of three to five oocytes among three to four experiments. (B) The asterisk is used to indicate that the mean is significantly different statistically (\*, P \< 0.05) compared with the wild-type channel. (C) AQP expression at the cell surface (*EXPcs*). Data are expressed as means ± SE among three to four experiments.](JGP_201611598_Fig6){#fig6}

As seen, Si influx between oocytes expressing AQP1~L84C~ and oocytes expressing AQP1 is similar and so is Si influx between oocytes expressing AQP10~C90L~ and oocytes expressing AQP10 ([Fig. 6 A](#fig6){ref-type="fig"}). In contrast, water permeability in oocytes expressing AQP1~L84C~ is approximately fourfold lower than in oocytes expressing AQP1, and water permeability in oocytes expressing AQP10~C90L~ is approximately fourfold higher than in oocytes expressing AQP10 ([Fig. 6 B](#fig6){ref-type="fig"}), whereas cell surface expression is the same for both mutants relative to their wild-type counterpart ([Fig. 6 C](#fig6){ref-type="fig"}). It is noteworthy that the fold difference in *P*f between oocytes expressing AQP1~L84C~ and oocytes expressing AQP10~C90L~ is in fact quite high (∼17 in [Fig. 6 B](#fig6){ref-type="fig"}).

Collectively, these results imply that residue L~84~ in AQP1 might be key to transporting water molecules. They also indicate that in regard to water transport, the L84C substitution in AQP1 led to a loss of function and the C90L substitution in AQP10 led to a gain of function, i.e., to a pattern of effects that is consistent with reciprocal behaviors elicited through reciprocal mutations as is often the case when the residues exchanged are functionally relevant ([@bib6], [@bib7]; [@bib5]).

AQP1~Y186N~ and AQP10~N208Y~ {#s18}
----------------------------

Residue 186 in AQP1 is localized in an extracellular loop and also at some distance from the XX/R filter (see Discussion). It shares with residue 84 the same homology features among the AQP family. The transport and expression features of both mutants (illustrated in [Fig. 2 \[C and D\]](#fig2){ref-type="fig"}) are summarized in [Fig. 7](#fig7){ref-type="fig"}.

![**Transport characteristics and membrane expression of AQP1~Y186N~ and AQP10~N208Y~.** Experimental conditions were as described in [Fig. 4](#fig4){ref-type="fig"}. Data expression is also as described in [Fig. 4](#fig4){ref-type="fig"}. (A) Si influx. Data are expressed as means ± SE of 10 oocytes among three to four experiments. The asterisk is used to indicate that the mean is significantly different statistically (\*, P \< 0.05) compared with the wild-type channel. (B) Water permeability. Data are expressed as means ± SE of three to five oocytes among three to four experiments. (C) AQP expression at the cell surface (*EXPcs*). Data are expressed as means ± SE among three experiments.](JGP_201611598_Fig7){#fig7}

It is observed that Si influx by oocytes expressing AQP1~Y186N~ is approximately sevenfold higher compared with oocytes expressing AQP1, whereas Si influx by oocytes expressing AQP10~G62F/G202H~ is approximately threefold lower compared with oocytes expressing AQP10. Once again, the substitutions have led to reciprocal behaviors, but this time in regard to Si transport, and they indicate that residue N~208~ in AQP10 might be key to transporting Si. Noticeably, water transport for both mutants was similar compared with their wild-type counterparts.

AQP1~F56G/H180G~ and AQP10~G62F/G202H~ {#s19}
--------------------------------------

The last two mutants analyzed in this work were generated by interchanging two noncontiguous residues between AQP1 and AQP10. These residues are not only poorly conserved between the two groups of channels and highly conserved within each one, but they are also both constituents of the XX/R filter. [Fig. 8](#fig8){ref-type="fig"} is used to present the transport properties and cell surface expression levels of AQP1~F56G/H180G~ and AQP10~G62F/G202H~ (illustrated in [Fig. 2 \[C and D\]](#fig2){ref-type="fig"}).

![**Transport characteristics and membrane expression of AQP1~F56G/H180G~ and AQP10~G62F/G202H~.** Experimental conditions were as described in [Fig. 4](#fig4){ref-type="fig"}. Data expression is also as described in [Fig. 4](#fig4){ref-type="fig"}. (A) Si influx. Data are expressed as means ± SE of 10 oocytes among eight to nine experiments. The asterisk is used to indicate that the mean is significantly different statistically (\*, P \< 0.05) compared with the wild-type channel. (B) Water permeability. Data are expressed as means ± SE of three to five oocytes among four to five experiments. (C) AQP expression at the cell surface (*EXPcs*). Data are expressed as means ± SE among three to four experiments.](JGP_201611598_Fig8){#fig8}

The data obtained are seen to be similar to those obtained for the AQP1~Y186N~ and AQP10~N208Y~ mutants. Indeed, Si influx by oocytes expressing AQP1~F56G/H180G~ is approximately sixfold higher compared with oocytes expressing AQP1, Si influx by oocytes expressing AQP10~G62F/G202H~ is approximately threefold lower compared with oocytes expressing AQP10 ([Fig. 8 A](#fig8){ref-type="fig"}), water transport is unaffected by the mutations ([Fig. 8 B](#fig8){ref-type="fig"}), and the same is true for cell surface expression ([Fig. 8 C](#fig8){ref-type="fig"}). Residues G~62~ and G~202~ in AQP10 might thus also be key to transporting Si. Note that when either of these two residues were replaced singly in AQP1 or in AQP10, no changes in transport characteristics were observed (not depicted).

Illustrative experiments {#s20}
------------------------

[Fig. 9](#fig9){ref-type="fig"} displays representative data from the transport and expression experiments. In [Fig. 9 A](#fig9){ref-type="fig"}, an AQP1-expressing oocyte and an AQP10-expressing oocyte are used as examples to show changes in cell volumes as a function of time after incubation in plain water; in [Fig. 9 B](#fig9){ref-type="fig"}, bands correspond to wild-type or mutant channels present at the cell surface; and in [Fig. 9 C](#fig9){ref-type="fig"}, signals correspond to wild-type and mutant carriers expressed in oocyte cryosections.

![**Illustrative experiments.** (A) Water transport. After incubation in plain water, an oocyte expressing AQP1 and an oocyte expressing AQP10 were microphotographed at different time points for cell volume measurements. (B) Expression of wild-type and mutant AQPs by Western blot analyses. Samples correspond to cell surface proteins detected with an anti-AQP1 Ab (left) or an anti-AQP10 Ab (right). In each panel, water-injected oocytes were used as negative controls. (C) Immunofluorescence experiments. Cryosections postfixed in paraformaldehyde were obtained from AQP-expressing oocytes after a 3-d incubation in medium B1 at 18°C. Wild-type and mutant AQPs were detected with an anti-AQP1 Ab (left) or an anti-AQP10 Ab (right). For each Ab, water-injected oocytes were used as negative controls. Micrographs were taken under confocal microscopy and are shown in the panel for some of the AQPs: (top left) water, (second left) AQP1~1-10-1~, (third left) AQP1~LGRND→IFATY~, (bottom left) AQP1~L84C~, (top right) water, (second right) wild-type AQP10, (third right) AQP10~N208Y~, and (bottom right) AQP10~G62F/G202H~. Note that each of the micrographs is \~300 μm in actual width.](JGP_201611598_Fig9){#fig9}

DISCUSSION {#s21}
==========

This study presents the first structure--function analysis of selectivity-specifying residues for Si movement by the mammalian AQPs. The approach used consisted of interchanging one or many residues between a predominantly water-permeating channel (AQP1) and a predominantly Si-permeating channel (AQP10) at positions of divergence between conventional AQPs and AQGPs but of conservation within each group of channels. It led to the observation that the residue composition of the XX/R filter is key in allowing or restricting Si movement. It has also led to the identification of two other residues that are at some distance from the constriction site but that still appear important in specifying substrate selectivity.

The XX/R filter of AQP1 is composed of residues F~56~-H~180~ and that in AQP10 is composed of residues G~62~-G~202~. In this work, remarkably, when AQP1 was mutated through an F-H→G-G substitution, it acquired the ability of permeating Si quite robustly, and when AQP10 was mutated through a G-G→F-H substitution, it lost the ability to do so. In this regard, previous experiments have shown that the F-H combination causes the pore to be narrower than the G-G combination ([@bib1]). One could thus postulate that in either isoform, the G-G combination is associated with a wider pore, of at least 4.6 Å in diameter, through which the movement of H~4~SiO~4~ is allowed. This possibility would be consistent with the importance of size constraint mechanisms to achieve substrate selectivity ([@bib20]; [@bib1]).

Intriguingly, the composition of the XX/R filter did not appear to be important in conveying differences in water permeability between the two isoforms. In particular, our mutagenic experiments showed that AQP1 remained highly permeable to water even when residues F-H were replaced by residues G-G and that AQP10 remained almost impermeable to water even when residues G-G were replaced by residues F-H. In and of themselves, these results suggest that other sites in or near the pore region must play a role in determining water selectivity and that they would therefore include neither of the highly conserved NPA dipoles ([@bib21]).

One of the sites that could play such a role in AQP1 was localized at position 84 and is occupied by a leucine residue, whereas the corresponding site in AQP10 is localized at position 90 and occupied by a cysteine residue. Indeed, we observed that L↔C substitutions at these positions led to substantial changes in water permeability---becoming much lower in AQP1 and much higher in AQP10---but to no changes in Si permeability. It should be mentioned, however, that the cysteine residue is conserved among all AQGPs, but that AQP9 in particular is known to exhibit higher permeability to water than AQP10 ([@bib8]). Hence, it is possible that water selectivity is specified through additional sites in or near the pore region.

If selectivity-specifying residues exist for water, the same must hold true for Si. Our experiments confirmed that this was probably the case and also showed that the site identified appeared to play little, if any, role in water permeability. This site is localized at position 208 in AQP10 and occupied by a tyrosine residue, whereas it is localized at position 186 in AQP1 and occupied by an asparagine residue. It should be mentioned here again that this residue is also highly conserved among the AQGPs but that AQP3 in particular exhibits much lower permeability to Si. As for water, hence, selectivity for Si must be specified through more than just one site in or near the pore region.

Based on the 2-D models of [Fig. 10](#fig10){ref-type="fig"} and as already alluded to in Results, the carbon backbones, side chains, or O~2~ atoms of residues L~84~/C~90~ and N~186~/Y~208~ do not appear to be in close contact with the pore, XX/R filter, or NPA motifs. If this were the case, the sites where these residues are localized could still play a role in substrate coordination or selectivity if by affecting helix shape or spatial orientation they also affected pore diameter or organization. One must also remember that proteins tend to undergo many conformational transitions during their normal operation but that within growing crystal lattices they are often present in their single most prevalent and favorable structural state ([@bib17]). On average, hence, residues L~84~/C~90~ and N~186~/Y~208~ could lie much closer to the pore than expected from the proposed models of AQP1 and GlpF.

![**Crystal structure of human AQP1.** The images were screen-printed from an open access database available at <http://oca.weizmann.ac.il/oca-docs/fgij/fg.htm?mol=1FX8>. The yellow circles correspond to carbon atoms within individual residues. The model was originally determined by [@bib18] at 3.70-Å resolution through electron crystallography of ice-embedded 2-D crystals.](JGP_201611598_Fig10){#fig10}

An obvious limitation of the approach used in this work to decipher mechanisms of substrate selectivity is that the residues involved will be missed if they are the same between AQP1 and AQP10. At the same time, it seems unlikely that such residues would be no more critical than the highly conserved NPA and R residues in ensuring proper channel function or that they would be physically very distant from the permeating unit. Another limitation of the approach exploited is that the substitutions generated could have induced long-range allosteric effects or rogue conformational transitions. In this study, reassuringly, many of the mutant channels were created through conservative substitutions and exhibited the hallmarks of functional AQPs.

In the light of previous data on the structural determinants of AQP function and of those presented in this work, it is tempting to propose an updated model of substrate movement through the water channel family. In this model, selectivity would be determined at multiples sites along the pore. One of these sites, the XX/R filter, would act as a barrier for restricting the movement of Si or substrates such as glycerol when the residue composition of XX causes the pore to be constricted at a diameter of \<3.4 Å. The other sites, consisting of selectivity-specifying residues, would act as possible components of substrate-specific binding sites, thereby explaining why the restricted selectivity profiles of AQP family members cannot be solely accounted for by size constraint mechanisms.

In conclusion, we have demonstrated the importance of the XX/R filter in Si transport by the AQPs and have identified two additional residue sites that appear to play a key role in substrate selectivity. Our data therefore suggest that for this family of channels permeation through the pore is controlled by more than one restriction mechanism.
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